Abstract-Hardened concrete is a porous heterogeneous material. In this paper, pore structure of hardened concrete is determined by mercury intrusion and vacuum saturated absorption, the feasibility of these two methods is analyzed, and the linear correlation between the results detected by these two methods is created. Effects of curing ages, water cement ratio, and air-entraining agent on the porosity and pore size distribution of hardened concrete are analyzed. The results show that: 1) porosity measured by mercury intrusion can be converted into the results detected by vacuum saturated absorption with more than 90% accuracy. 2) porosity decreases as the curing age increases, and the proportion of large aperture and total pore volume also gradually reduces.
INTRODUCTION
Pore structure is an important component of concrete microstructure, and it can significantly affect the physical and mechanical properties and durability of concrete [1] [2] [3] [4] . Therefore, it is significant to study the pore structure of concrete. Nowadays, two test methods of mercury intrusion and vacuum saturated absorption are generally applied in this field.
Mercury intrusion is widely applied in studying pore structure of solid materials due to its practicability and reliability. Webb [5] put forward the feasibility of mercury intrusion in studying pore distribution of porous materials, and this method was used in the rapid determination of pore structure. Dim [6] studied the accuracy of mercury intrusion method improved by complementary gas adsorption and thermal analyzer. Hedenblad [7] presented the relationship between pore structure and moisture transmission characteristics in hardened cement paste by mercury intrusion. Wyrzykowski [8] investigated the pore structure in mortar with cellulose ether by mercury intrusion. Pandey [9] described the pore structure in cement. Ma [10] introduced the parameter setting and instrument usage of mercury intrusion to determinate the pore structure in hardened concrete.
The vacuum saturated absorption is mainly applied to the detection of bibulous rate of materials, and it is stipulated in some detection standards to use such method [11] [12] [13] [14] . Williamson [15] studied the durability of aggregate by vacuum saturated absorption and regarded it as an indicator for the detection of concrete durability. Beale [16] investigated the density and water absorption of coarse aggregate by vacuum saturated absorption and considered this method is more convenient to detect the porosity of coarse aggregate than AASHTO T85 by comparing these two methods. Hall [17] improved the test method in AASHTO T85 to determinate the bibulous rate and density of coarse aggregate.
Based on the above research works, mercury intrusion has been successfully applied in the determination of pore structure. However, the preparation of samples is complex and the cost is high, and the study of determining pore structure of hardened concrete by vacuum saturated absorption is not sufficient. This paper further discusses the application of mercury intrusion and vacuum saturated absorption in determination the pore structure of hardened concrete on the basis of present researches. The linear correlation between the results detected by these two methods is created and the effects of W/C and air-entraining agent on the pore structure are considered.
II. RAW MATERIALS AND TEST METHOD

A. Raw Materials
The cement used in this study was Type P· I 42.5 Portland cement based on China national standard GB175-2007. The physical mechanical properties of cement are listed in Tab. I and its oxide components are shown in Table II . The concrete mixtures were prepared with crushed limestone gravel and fine aggregate which was produced based on China national standard GB178-77. The specific gravity of coarse aggregate was 2.7, with a crush index of 12%, and particle size distribution was from 5 to 25m). The specific gravity of fine aggregate was 2.6, fineness modulus was 2.54, and particle size distribution was from 0.16 to 5 mm. The water reducer was polycarboxylate high-range waterreducing admixture with a water reducing rate of 30%. Airentraining agent is benzene sulfonate, solid content is 3.5% and pH is 9.
B. Test Method
The sample was manufactured following . Samples were extracted from the core of hardened concretes which were broke into small cube less than 20 mm diameter and emerged in anhydrous ethanol to suspend hydration and the ovendried at 60°C until the weight of samples was stable.
2) Vacuum saturated absorption Porosity of hardened concrete was determined by vacuum saturated absorption in NEL-VJH (maximum vacuum is -0.098MPa). The test procedure is described in ref. [16] and [17] .
C. Mix Designs
The mix designs of concrete are shown in Tab. I.
III. RESULTS AND ANALYSIS
A. Porosity
It is shown in the Fig. 1 and Fig. 2 that, porosity increase as the w/c increases, and gradually decreases as the curing age increases. Porosity measured by vacuum saturated absorption is lower than that tested with mercury intrusion. It is due to the porosity speculated by vacuum saturated absorption relies on the free water absorption of pores under an atmospheric pressure, then the volume of free water in the samples is tested and the porosity is speculated. While free water is difficult to enter some small pores under this pressure, thus, the porosity is underestimated. Porosity increases as the w/c increases due to the higher inner free water. Hydration products increase with an increasing curing age, and a part of pore is gradually filled with the cement hydration products which lead to the porosity decreases.
Function fitting of data in Fig.1 -a and Fig.1 -b is analyzed by MATLAB, and the equation between detected porosity of samples without air-entraining agent by mercury intrusion and vacuum saturated absorption is defined as Eq. (1). Where y 1 (%) is porosity determined by mercury intrusion, x 1 (%) is porosity determined by vacuum saturated absorption. Two groups of sample (group A with 0.01% airentraining agent and group B without it) with 0.35 w/c was prepared using the same raw materials and cured for 28d to check the accuracy of Eq. (1) and Eq. (2). The porosity of group A and B was detected for 8.14% and 11.79% respectively by vacuum saturated absorption. The porosity calculated by Eq. (1) and Eq. (2) is 14.57% and 33.59% respectively. The actual porosity of samples tested with mercury intrusion is 15.543% and 30.642%, and the error is 6.3% and 9.6% respectively, which indicates that Eq. (1) and Eq. (2) 
Both have a high accuracy. However, currently, vacuum saturated absorption is only limited to the detection of porosity of concrete, and it cannot be used for detection of differential and accumulated aperture. Fig. 3 -a is the differential aperture curve of samples with 0.3 w/c at each curing age. It is shown in the figure that, the most probable aperture, which is the aperture corresponding to the peak value, decreases significantly at 90d, suggests that the cement paste is progressively dense. It is because as the hydration degree increases, the pore is gradually filled with cement hydration products. Thus, the aperture decreases. Fig.3 -b is the accumulated aperture curves of samples with 0.3 w/c at different curing age. It can be seen that, the slope of accumulated aperture curve at 7d and 28d is closed. The accumulated aperture of 1000nm decreases by 1.28% as the curing age increases from 7d to 28d, and decreases by 52.86% as the curing age increases from 28d to 90d. For the accumulated aperture curve at 90d, pores from 10nm to 100nm increases significantly, which suggests that the harmless pore (which aperture is less than 100nm) is major composition. It is due to the hydration rate enhances after cured for 28d, and the aperture reduces with the hydration products increases.
B. Effects of Curing Ages
C. Effects of Air-entraining Agent
The differential aperture curves in Fig.4-1, Fig.4-3 and Fig.4 -5 are compared in order to discuss the effects of airentraining agent on the pore structure. It can be clearly seen that: The most probable aperture of samples with airentraining agent at 7d, 28d and 90d are 10669.83nm, 9310.24nm and 48.17nm respectively, and the samples without air-entraining agent are 60.58nm, 57.74nm and 35.85nm, which indicates that air-entraining agent mainly increases the probability of pore larger than 160nm before cured for 28d. For the samples with air-entraining agent, its most probable aperture and total pore volume (which is the area between the differential aperture curve and the horizontal axis) are higher than the samples without it. Although the distinction between the most probable aperture and total pore volume of samples with and without airentraining agent decreases as the hydration degree increases, the accumulated aperture curves of samples with airentraining agent is still higher at each curing age. Fig.4-2, Fig.4-4 and Fig.4-6 shows the effects of airentraining agent on accumulated aperture curves at different curing age. For the samples with and without air-entraining agent, cumulative percentage of pores larger than 10000nm at 7d is 12.19% and 38.14% respectively, and it decreases to 8.97% and 32.96% at 28d. It suggests that, the proportion of pores ranging from 20nm to 23000nm significantly increases before cured for 28d with the present of air-entraining agent (there is more than 10% discrepancy between the two curves). As it is shown in Fig.4 -5, two curves come across at 90d, cumulative percentage of pores larger than 100nm in samples with air-entraining agent is lower than the samples without it, while under aperture of 100nm, and it is higher, which indicate that the present of air-entraining agent in concrete increases the proportion of harmless pores. It can be concluded that, the cumulative percentage of pores ranging from 20nm to 23000nm of samples with air-entraining agent decreases more obviously than samples without it after cured for 28d.
D. Effects of w/c
The differential aperture curves of samples with airentraining agent and different w/c at 28d and 90d are shown in Fig.5-a and Fig.5-b . It can be seen that, the most probable aperture of samples with 0.3, 0.4 and 0.5 w/c at 28d is 1065.2nm, 9733.54nm and 10669.83nm respectively, and it reduce to 35.85nm,41.78nm and 117.23nm at 90d, which indicates that the most probable aperture of samples for the same curing age increases as the w/c increases. .16% and 38.14% respectively, which suggests that the aperture increases with an increasing w/c. The accumulated aperture curve of samples with 0.4 w/c is slightly higher than 0.3, and both of the two curves slope remarkable increases when the aperture is under 100nm. The accumulated aperture of samples with 0.5 w/c is significantly higher than others.
IV. CONCLUSIONS (1) Based on vacuum saturated absorption and mercury intrusion method, the analysis of porosity of hardened concrete is achieved, the accuracy of the analysis is relatively
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high. Mercury intrusion is able to detect the differential and accumulated aperture distribution as well.
(2) A linear correlation between the measured porosity with vacuum saturated absorption and mercury intrusion is proposed. And the test results can be converted to each other through such relational expression.
(3) Porosity and aperture of hardened concrete decreases as the curing age increases, while it increases as the w/c increases. The most probable aperture increases with an increasing w/c for the samples at the same curing age.
(4) The effects of air-entraining agent on the pore structure of concrete before cured for 28d mainly shows in the increasing of most probable aperture, total pore volume and the proportion of pores ranging from 20nm to 23000nm. The harmless pores in concrete with air-entraining agent are higher than the samples without it at 90d. 
